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Background: Health effects induced by climate, weather and climatic change may act directly or indirectly on

human physiology. The future total burden of global warming is uncertain, but in some areas and for specific

outcomes, mortality and morbidity are likely to increase. One likely effect of global warming is an increasing

number of extreme weather events, such as floods, storms and heat waves. The excess numbers of specific

health outcomes attributable to climate-induced events can be estimated. This paper compares approaches for

estimating excess numbers of outcomes associated with climate extremes, exemplified by a case study of

hospital admissions during the extremely warm summer of 2006 in southern Sweden.

Materials and methods: Daily hospital admission data were obtained from the Swedish National Board of

Health and Welfare for six hospitals in the Skåne region of southern Sweden for the period 1998 to 2006.

Daily temperature data for the region were obtained from the meteorological station in the city of Malmö. We

used four established approaches for estimating the daily excess numbers associated with extreme heat. Time

series of daily event rates were assumed to follow a Poisson distribution. Excess event rates were compared by

using several approaches, such as standardised event ratios and generalised additive models to estimate the

health risks attributable to the extreme climate event.

Results: The four approaches yielded vastly different results. The estimates of excess were considerably biased

when not accounting for time trends in previous years’ data. Three of four approaches showed a significant

increase in excess hospitalisation rates attributable to the heat episode in Skåne in 2006. However, modelling

the effect of temperature failed to describe the risks induced by the extreme heat.

Conclusion: Estimates of excess events depend greatly on the approach used. Further research is needed to

identify which method yielded the most accurate estimates. However, one of the approaches used generally

seem to perform better than the others in estimating the excess rates associated with the heat episode. Further

on, estimating relative risks of temperature or other determinants of disease may fail to incorporate the

unique characteristics of particular weather events, such as the effect caused by very persistent heat exposure.

Unless this can be incorporated into predictive models, such models may be less appropriate to use when

predicting the future burden of heat waves on human health.
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E
stablishing associations between weather, climate

and different health outcomes are fundamental to

better understandings of the complex associations

between human wellbeing and a changing climate.

Weather and climate can affect health on different

timescales, by different pathways, and associations can

be roughly divided into direct or indirect effects accord-

ing to whether an extreme weather event acts directly on

human physiology (e.g. cardiovascular effects of heat

waves, cold spells and extreme weather events) or

indirectly via pathogens, allergens or vectors (e.g. vector

and water-borne diseases, mould and pollens) (1).

The links between weather, climate and health are still

largely unexplored, but in some areas researchers have
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Global Health Action 2009. # 2009 Joacim Rocklöv and Bertil Forsberg. This is an Open Access article distributed under the terms of the Creative Commons
Attribution-Noncommercial 3.0 Unported License (http://creativecommons.org/licenses/by-nc/3.0/), permitting all non-commercial use, distribution, and
reproduction in any medium, provided the original work is properly cited.

1

Citation: Global Health Action 2009. DOI: 10.3402/gha.v2i0.2034



established various associations between heat events and

health outcomes, such as patterns of cholera transmission

(2), tick-borne disease (3) and heat-induced mortality (4, 5).

According to the fourth assessment report by the

Intergovernmental Panel of Climate Change (IPCC),

climate and health experts expect the global burden of

disease to increase due to extreme climatic events, such as

floods, heat waves and storms (1). Health outcomes during

such events are in some cases monitored by surveillance

centres, with excess risks or frequencies being estimated

routinely or subsequently characterised in more detailed

and specific scientific publications. Often risks of an

outcome during an extreme event are compared with the

expected risks for the same outcome; for example, in heat

wave observational studies this may correspond to the

observed number subtracted (O�E) or divided by (O/E)

the expected number, where the expected is based on the

mean frequency in preceding years (4, 6�9). Another

frequently applied study design compares observed fre-

quencies with those predicted (expected) from previous

years in time series regression models including trends and

possibly taking into account calendar time (10�13). Both

approaches mentioned above are common in observa-

tional studies and offer a fast and comprehensive way to

augment scientific knowledge of climate induced hazards.

A third approach used in studies of temperature and

health is the incorporation of parametric or non-para-

metric spline functions (smooth functions) in time series

regression models (14). Such functions estimate the excess

health outcomes (O�E) during the extreme events, taking

into account calendar time variables, such as seasonality,

time trend, weekday patterns and national holiday pat-

terns plus additional potential confounders, e.g. air

pollution levels during an heat wave (15). With such a

study design the excess ratio (O/E), estimated by the

smooth function, is directly related to the levels expected

during the same time period as the event given by

covariates of the model. A fourth approach frequently

used when establishing a direct relation between tempera-

ture and mortality, and morbidity is modelling the

variability of daily deaths as dependent on the variability

in daily and previous days’ temperatures, adjusting for a

range of determinant factors, such as calendar time

patterns and time trends (14).

The direct effect of heat on morbidity and
mortality
Heat-related health events are likely to increase with

global warming unless adaptation occurs. Studies of heat

impacts on human physiology have a longstanding

history (5). The largest proportion of heat effects are

not reported cases of hyperthermia, but mainly increases

in cardiovascular and respiratory hospitalisations or

deaths (5). Cardiovascular events are mainly a conse-

quence of increased heart rate due to regulation of body

temperature by sweating, which in turn leads to a

reduction in blood volume (6). The mechanisms for

respiratory deaths are less clear. Recent studies have

identified several high risk groups, such as living on top

floors, living in institutions, engaging in outdoor activ-

ities involving exertion, being very young or very old and

being in populations not adapted to heat (5, 7, 16�20).

Heat waves are also often associated with increased

incidence of dehydration, renal failure and electrolyte

disorders, as well as increases in neurological disorders

(5, 7, 18).

The number of papers on heat events and mortality has

grown rapidly, but the number of studies assessing heat

effects on morbidity, for example, the number of hospi-

talisations, are fewer (9, 21�25). Many studies estimate

the general effect of high temperature during summer,

utilising distributed lag models on a daily basis, but not

the specific effect of extreme heat where there is little or

no relief from the heat during the event period. Such

events do not necessarily correspond to the same increase

in relative risk. The risks are often much higher during

heat waves. This was, for example, illustrated by the large

excess mortality in France during the heat wave of 2003

(15). In developed countries, where most research on this

subject has been undertaken, the effect of heat has been

more severe among the very elderly in the population.

The opposite pattern has been observed in regions with

poorer health conditions, where heat has been shown to

be a more important predictor of childhood mortality, for

example, in India where infectious diseases dominate

causes of mortality. Moreover, the overall effects of high

temperatures on hospitalisations have shown different

patterns in heat waves (9, 21) compared to general

summer temperatures (21, 22). However, few papers

have investigated the excess morbidity both during

extreme heat events and during summers in general, to

show the difference between such exposures.

Established associations, climate and the
extreme nature of the 2006 Swedish heat event
The climate in Sweden is rather moderate during the

summer. Nonetheless, we have previously established

associations between high temperatures, relative humid-

ities and respiratory, cardiovascular and total mortality

(excluding external causes), as well as increasing suscept-

ibility over time in Stockholm (27, 28). However, no

particular heat extreme or heat wave has been studied.

During the summer of 2006, several meteorological

stations in the south of Sweden recorded the highest

summer mean and July mean temperature since measure-

ments started in the middle of the nineteenth century. At

the meteorological station in Lund the mean temperature

for July was 21.78C, against a reference level for the period

1961�1990 of 16.78C and corresponding standard deviation

1.3 (Personal communication: Markku Rummukainen &
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Erik Kjellström, Rossby Center, SMHI). In the wider

context, the temperature in Lund for July 2006 was 3.8

standard deviations from the reference mean level and

was therefore less extreme in comparison with the 2003

European heat wave, when levels reached almost six

standard deviations from the reference mean level (29).

Objective
In this paper we aim to estimate the excess number of

daily hospital admissions (all causes excluding external;

respiratory and cardiovascular causes) caused by the heat

event in 2006 in Skåne, Sweden, by employing four

different approaches commonly used in the literature to

estimate the impact of heat events on mortality and

morbidity:

(1) standardised event ratios assuming the same fre-

quencies as the mean of the two previous years;

(2) time series Poisson regression approach predicting

the expected excess numbers from trends and

calendar patterns;

(3) time series Poisson regression approach estimating

excess numbers with a smooth function; and

(4) time series Poisson regression approach incorporat-

ing predictors of temperature effect in lag strata.

Population and data
We collected cause-specific data on acute (unplanned)

hospitalisations at the hospitals in Malmö, Lund, Hel-

singborg, Trelleborg, Ystad and Landskrona from the

National Board of Health and Welfare during the period

1998�2006. Data were aggregated at the daily level by

counts of total (excl. external) causes, cardiovascular

causes [ICD10:I] and respiratory causes [ICD10:J] for all

ages.

Data on daily mean temperatures during the period

1998�2006 were collected from Malmö meteorological

station maintained by the Swedish Meteorological and

Hydrological Institute.

Methods
Extreme temperatures during 2006 ranged over the whole

summer period, so we defined the heat event as the

months June�August, to incorporate a potential early

summer heat effect due to lack of acclimatisation and lag

effects in the later part of the summer.

In the first approach we calculated differences (O�E)

and ratios (O/E) of observed and expected counts during

the heat event in the study region according to the cause-

specific groups studied. The expected count in 2006 was

calculated as the mean of the observed counts for the

same time period as the heat event during the two

preceding years. The observed and the expected counts

in 2006 were summed by week, starting June 1st and

ending August 30th (total 13 weeks) as were the

standardised event ratios. Confidence intervals (CI;

95%) were calculated for the total number of excess

admissions with variance derived from the Poisson

distribution for weekly mean frequencies during the

reference period (for Poisson distributed events the

variance equals the mean) and assuming normal proper-

ties for the sum of frequencies.

For the three following approaches we estimated the

excess numbers and ratios during the heat event in 2006

by establishing Poisson regression models incorporating

smooth functions of between-year and within-year trends

(seasonality), and factors describing weekday patterns

and national holidays.

Additionally in the second approach we established a

generalised additive Poisson model and predicted the

expected frequencies during summer 2006 according to

time trends, weekday and holiday patterns estimated

from the two preceding years. The smooth functions for

within-year and between-year trends were allowed a

restrictive fixed degree of freedom (df) of 2 and 7,

respectively.

Additionally in the third approach we established

generalised additive Poisson regression models for the

period 1998�2006 and incorporated a smooth function

over time (from July 1st until August 30th in 2006) to

model the excess risks during the heat event period, as

well as a smooth function for within-year and between-

year trends. The two latter functions were allowed a fixed

df of 12 and 9, respectively. The smooth function for the

excess risks during summer 2006 was allowed 9 df as a

maximum and was penalised for wiggliness. CIs (95%) for

the total excess numbers were derived from the regression

models.

The fourth and final approach undertaken was model-

ling the effect of mean daily temperature on hospitalisa-

tion in a time series generalised additive Poisson

regression model using smooth functions of moving

average temperature lag strata 0�1, 2�6 and 7�13. These

functions were penalised if too wiggly and maximally

allowed 7 df. In this model we controlled for seasonality,

7 df, and between year time trends, 9 df, by smooth

functions with fixed degree of freedom. The smooth

functions were less relaxed this time to avoid the control

for seasonality affecting the estimates for the daily effect

of temperatures. Additional variables included were

factors for weekday and holiday patterns. The fourth

approach was based on data from the period 1998�2006.

A 95% CI for the total excess frequency was derived from

standard deviations from the regression model.

The analysis was done in R30 using the mgcv package.

The generalised cross-validation criteria were used to fit

the best model. The assumption on the flexibility of the

smooth function for excess risks (approach III) was

relaxed allowing more degrees of freedom. However,

this resulted only in minor changes in the estimated
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excess effects. The smooth functions for within-year

trends as well as the smooth functions for excess risk

during the heat event 2006 were based on cyclic spline

functions; the other smooth functions were based on

cubic splines. The adjusted R-squared was between 50

and 75% in all the models, with the highest R-squared in

models of all-cause morbidity. In all models fitted we

allowed for over-dispersion. Model diagnostics, such as

heteroskedacity, normality and response vs. fitted values

were graphically examined.

All calculations were based on daily data. However, to

simplify interpretation we aggregated some of the results

to a weekly basis.

Results
The 95th percentile of daily temperatures in Malmö was

19.48C over the study period. During the extremely warm

summer of 2006 the daily mean temperatures in Malmö

were generally above 208C from July 2nd to August 1st.

The maximum daily mean temperature was above the

90th percentile of summer temperature during July,

with exception of the period July 12th�15th when the

Table 1. Descriptive statistics for daily summer temperatures

in Malmö 2004�2006

Daily mean

temperature (8C) in summer Mean Maximum Minimum

2004 16.0 22.2 11.3

2005 16.7 22.6 10.7

2006 18.4 24.2 11.1
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Cardiovascular causes
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Fig. 1. To the left; excess admissions in summer 2006 derived from observed numbers in summer 2006 minus observed numbers

during the two preceding summers. To the right; corresponding ratios of observed to expected numbers. The dot-dashed lines

correspond to weekly mean temperatures during summer 2006 and the dashed lines to the weekly mean temperatures during the

two preceding summers.
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Table 2. The heat event attributable excess admissions in all and cause-specific groups corresponding to the different approaches

of estimating excess frequencies with 95% confidence intervals ( )

Approach

Total excess admission

summer 2006 attributed to

heat � all causes excl. external

Total excess admission

summer 2006 attributed to

heat � respiratory causes

Total excess admission

summer 2006 attributed to

heat � cardiovascular causes

I Comparing observed expected from

means of 2004, 2005

1,406 (1,280, 1,532) 476 (410, 541) 931 (822, 1,039)

II Comparing observed with

excepted from model with trends

and calendar effects 2004�2005

753 (715, 790) 305 (287, 323) 403 (370, 436)

III Attributed to smooth function of

excess of summer 2006

157 (122, 193) 146 (128, 164) �15 (�36, 8)

IV Attributed to short-term

variations in temperature 2006

32 (6, 58) 26 (14, 38) �2 (�24, 20)

All causes excl. external

Respiratory causes

Cardiovascular causes
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Fig. 2. To the left; excess admissions during summer 2006 as observed minus expected, and to the right; ratios of observed to

expected, with expected as predicted from a regression model based on patterns during the two preceding years. The dot-dashed

lines correspond to weekly mean temperatures during summer 2006 and the dashed lines to the weekly mean temperatures

during the two preceding summers.
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temperatures were just below the 90th percentile.

The summer mean temperature in Malmö, 2006, was

about 28C warmer compared to the two preceding years

(see Table 1).

In Fig. 1, weekly comparison of hospitalisations in all-

cause excl. external, respiratory and cardiovascular

causes from the first approach are presented as excess

numbers (O�E) and standardised admission ratios (O/E)

during summer 2006 compared with the two previous

summers (2004�2005). The weekly mean temperatures

during summer 2006 (dot-dashed) and the mean of the

two preceding years (dashed) are also contrasted. Ac-

cording to this approach, the excess number of admis-

sions was generally greatly higher during the whole

summer with the largest increase after the warmest period

at the end of July and the beginning of August. The

relative increase was largest for respiratory admissions

where the risks were up to twice those during the

reference period. Generally, during the whole summer,

risks of admission were higher than during the two

preceding years. The total number of excess admissions

during summer 2006 was estimated as 1,406 (95% CI:

1,280�1,532), 476 (95% CI: 410�541) and 931 (95% CI:

822�1,039) in groups of total, respiratory and cardiovas-

cular causes, respectively (see Table 2). The increased risk

of cardiovascular admissions was unexpectedly high at

the beginning of summer. However, not accounting for an

increasing trend in admissions during the study period is

likely to bias the estimates from the first approach.

In Fig. 2, the excess numbers and ratios of observed and

expected from the second approach are presented for the

three groups of hospital admissions. Here the frequencies

increased during the warmest part of the summer, but for

cardiovascular causes, also at the beginning of summer.
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Fig. 3. To the left; excess admissions in summer 2006 derived from a regression model incorporating a smooth function of time

of the heat event to capture associated risks, and to the right; corresponding ratios of modelled frequencies (RR) associated with

the heat event divided by expected frequencies if no heat event. The dot-dashed lines correspond to weekly mean temperatures

during summer 2006 and the dashed lines to the weekly mean temperatures during the two preceding summers.
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The relative risk estimates were normalised to increase

from approximately one. The total number of excess

admissions during summer 2006 was estimated as 753

(95% CI: 715�790), 305 (95% CI: 287�323) and 403 (95%

CI: 370�436) in groups of total, respiratory and cardio-

vascular causes, respectively (see Table 2). In Fig. 3, the

excess numbers and ratios associated with the heat event

from the third approach corresponding to the smooth

functions of the risks in 2006 are presented. The relative

increase was largest for respiratory admissions. Both the

group of respiratory admissions and the group of all-

causes showed statistically significant increases which

were probably due to the heat event. This effect was less

apparent in the cardiovascular event group.

In Fig. 4, the smooth functions from this model are

presented with 95% CIs in grey. In Fig. 5, the weekly

residuals of the model of all-causes are plotted. As can be

seen, there were small residual patterns after having fitted

the model. However, there were a few disturbing peaks,

one of them at the time of the highest temperature levels,

that was not accounted for by this function. The total

number of excess admissions during the summer of 2006

was estimated as 157 (95% CI: 122�193), 146 (95% CI:

128�164) and �15 (95% CI: �36�8) for all cause,

respiratory and cardiovascular admissions, respectively

(see Table 2).

In Fig. 6, the fourth approach was applied and the

predicted excess attributable to the summer 2006 tem-

peratures was compared with the expected levels of

admissions predicted from the mean daily temperature

during the two preceding years (all other covariates being

the same as 2006). Here, the frequencies increased very

little compared with estimates from previous approaches.

The total number of excess admissions during summer

2006 was estimated as 32 (95% CI: 6�58), 26 (95% CI: 14�
38) and �2 (95% CI: �24�20) for all cause, respiratory and

cardiovascular admissions, respectively (see Table 2).

In Fig. 7, the smooth function of the effect of

temperature in each lag strata for all causes is presented

as risk relative to the minimum point at the curve, with its

95% CI. Generally, all of these functions were significant

at the 95% level, except the lag 0�1 function for
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Fig. 4. Smooth functions of excess risk for hospitalisation during the record breaking warm summer of 2006 in cause-specific

groups. The shaded region is the 95% confidence intervals.
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respiratory causes. For all causes, the effect of tempera-

ture on admission rates was rather weak in the lag strata

0�1, v-shaped in the lag strata 2�6 (increasing with both

low and high temperatures) and increased with decreasing

temperature in the lag strata of 7�13. It should be noted,

however, that these effects of temperature have not been

controlled for the influence of influenza, but instead the

trend functions were more relaxed to incorporate such

effects.

Discussion
We used four different approaches to study the effects of

a climatic extreme on hospital admissions, taking the case

of a record-breaking warm summer. The results from the

four approaches differed to a very large extent, and

uncertainties in the effect estimates (CIs) should be of

little concern compared to the differences induced by the

study methodologies. The largest excess numbers were

estimated in the first approach, not incorporating the

increasing frequency of admissions with time. The

estimates of the first approach were therefore likely to

overestimate excess numbers and risk ratios associated

with the heat event. The second approach, which is

commonly used, also yielded quite large estimates of

excess in all disease groups studied. However, here the

ratios were more accurately normalised to the baseline

levels of 2006 due to the modelling of the time trend. In

the third approach, the excess frequencies due to heat in

2006 were rather low, and may have fallen victim to

natural constraints for smooth functions (being restricted

to be smooth and not sufficiently well incorporating

peaks). It is therefore likely that such a function may have

underestimated the effects of the extremely warm summer

on hospitalisation rates. This suspicion was augmented
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Fig. 6. To the left; weekly admissions in summer 2006 attributed to daily variation of temperature compared with mean

temperature levels in 2004 and 2005. The model incorporates smooth functions of temperature effect in lag strata 0�1, 2�6 and

7�13, and to the right; corresponding risks relative to the risk attributed to mean daily temperatures of 2004�2005. The dot-

dashed lines correspond to weekly mean temperatures during summer 2006 and the dashed lines to the weekly mean

temperatures during the two preceding summers.
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after having plotted the residuals of the model for

summer 2006. The fourth approach predicted the rates

in 2006 based on modelling the lagged relationship

between temperature and hospitalisations during the

period 1998�2006. However, this approach (which is

well established in studies of heat on mortality) failed

to predict any increases in the frequencies of hospitalisa-

tion at all. The explanation for this is probably that the

approach did not incorporate effects of persistent ex-

posure, which is a unique characteristic in this data only

occurring during heat waves, but rather described the

short-term variation in admissions due to short-term

variability in temperature in general. Previous heat waves

have indicated the risks during such extreme conditions

may increase much more than predicted from

temperature�mortality studies (5, 15). All models showed

increased risks during the end of July and start of August,

the period when the temperature had been at an

extremely high level for about two weeks. According to

the second approach, which probably yielded the best

estimates, the admissions rates during the last week in

July were about 30% higher than normal for this time of

year. The time lag between heat and peaking event rates

was also a fact during the 2003 heat wave in France (15).

The most obvious difference between the estimates

from the second and the third approach was that the

second approach estimated high excess levels during the

start of June 2006 mainly in cardiovascular disease, while

the third did not. These effects could be due to early

summer warm weather, when the population was not

acclimatised to high temperatures, but it could also be a

pattern caused by something else that started before June

1st and which is therefore not estimated by the smooth

function for excess, since this function assumed the excess

started on or after June 1st.

In the fourth approach the effect of high temperatures

was estimated to be mainly in the lag strata of 2�6,

showing a more delayed effect of heat for hospitalisation

than for mortality in Sweden (27). Looking at other lag

strata we can confirm the contrasting patterns of admis-

sions and temperature found previously (21, 24). We can

also confirm the stronger relationship between respira-

tory admissions and high temperatures previously estab-

lished (22). This was also the case for mortality and high

temperatures in Sweden (27). This, together with the fact

that many cardiovascular disease events may have

occurred outside of hospitals, may indicate a short-

coming in the health system; a very rapid development

of disease states or fatigue/disorientation that made

people less likely to seek help and therefore die at home

(24). However, the fewer cardiovascular causes may still

represent a larger proportion of attributed cases because

the incidence rate of cardiovascular disease is about four

times greater than the attributed cases of respiratory

diseases.
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Fig. 7. The risks of hospital admission as a function of temperature in lag strata of 0�1, 2�6 and 7�13. The shaded areas are 95%

confidence intervals.
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To judge which of these approaches is preferable, based

on these data, is hard, but future simulation results may

predict the more favourable approach to use. So far, it

seems the second approach performed better than the

others according to trends and predictions and taking

into account the residual peaks of the third approach. It

is clear, however, that confidence limits based on a single

approach indicate little of the uncertainty that we should

show around estimates of excess.

An additional but rarely used method applied to

hospital admission rates during heat waves is to define

the reference period as a period before the event and a

period after the event (23). This approach resembles the

third approach used in this study (with a smooth function

estimating the excess rates), but avoids the problem with

the smooth function not being flexible enough to

including spikes caused by the exposure. However, if the

heat event episode runs over a longer period of time (as in

this case) a seasonal confounding may bias such esti-

mates. Because of this, we did not incorporate that

approach into this study.

In the future, climate is likely to show increased

frequencies of extreme events. Methodologies for study-

ing health outcomes associated with weather, climate and

climate change incorporating time are also necessary

when estimating the efficacy of climate change interven-

tion measures. We need to study and reduce such effects

as much as possible, not only with a regional but also

with a global perspective which targets interventions to

areas most affected by climatic change, especially with

respect to younger age groups. The effects of climate

change on health are complex and a general preparedness

should be reached in all countries, irrespective of the

scenarios and outcomes, since these may be very different

from future impacts. However, when studying the effects

of extreme climate on health we need to choose metho-

dological approaches carefully.

Conclusion
Different approaches for studying the effects of an

extreme climate event on health can result in highly

variable estimates. Further research is needed to identify

methods yielding the most accurate estimates. However,

one of the approaches used here (the second) seems to

have performed better than the others in estimating the

excess rates associated with this heat episode. The three

first approaches foretold a significant increase in hospital

admissions related to the heat episode. However, estimat-

ing relative risks of temperature or other determinants of

disease may fail to incorporate the specific characteristics

of the particular weather event, such as the duration. This

means such estimates may be less appropriate for using in

predicting the future burden of such events on human

health, and in particular the burden of future heat waves.
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Department of Public Health and Clinical Medicine
Division of Occupational and Environmental Medicine
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